A modifier protein (M-protein), which increases the affinity of methanol dehydrogenase (MDH) for alcohols but decreases its affinity for formaldehyde, has been partially purified from Mefhylophilus methylotrophus and Parucoccus denifr@cms. Analysis was complicated by non-protein factors in bacterial extracts that are able to mimic M-protein in one of its functions -that of increasing the activity of MDH with butane-1,3-diol in the dyelinked assay system. The 67 kDa polypeptide, previously identified as a subunit of the M-protein, is an unrelated cytoplasmic protein. The M-protein is exclusively periplasmic and is a multimeric protein with subunits of 45 kDa. The M-protein is active in the 'physiological' assay system with the specific cytochr0me.c electron acceptor for MDH, lowering its affinity for formaldehyde. It has its maximum effect when the ratio of M-protein: MDH is 1: 5 but its concentration in the periplasm is much lower than 20% of that of MDH.
Introduction
Gram-negative methylotrophic bacteria oxidize methanal by way of three periplasmic proteins. These are the quinoprotein methanol dehydrogenase (MDH), its specific electron acceptor, cytochrome cL and a typical class I cytochrome c which is the electron donor to the membrane cytochrome oxidase (Anthony, 1982 (Anthony, , 1986 (Anthony, , 1988 (Anthony, , 1990 . In the dye-linked assay system using phenazine ethosulphate (PES) as an artificial electron acceptor MDH has a wide substrate specificity which includes formaldehyde (in the hydrated gem-diol form). Extracts of some methylotrophs contain a protein that is able to extend the substrate specificity of MDH. This modifier protein (M-protein) facilitates the oxidation of poor substrates, such as propane-l,2-diol or butane-1,3-diol, by increasing their affinity for MDH, thus preventing inhibition of MDH by PES (Bolbot & Anthony, 1980; Ford et al., 1985) . The M-protein was subsequently partially purified from a facultative methylotroph, Methylobacterium extorquens AM 1, and from an obligate methylotroph, Methylophilus methylotrophus, and shown to be a dimer of two identical subunits of 67 kDa. Using this preparation it was shown that the M-protein has a second characteristic in the dye- linked assay system -its ability to diminish the affinity of MDH for formaldehyde, thus decreasing the rate of oxidation of this substrate (Page & Anthony, 1986) . It was proposed that the M-protein might therefore act as a regulator of formaldehyde oxidation in the periplasm of methylotrophs, preventing the wasteful oxidation of formaldehyde to formate.
This has raised a number of questions that form the subject matter of this paper. How widespread is the occurrence of M-proteins in methylotrophs? Are the amounts of M-protein affected markedly by the conditions used for growth? What is the location of the M-protein; is it located in the periplasmic space as it would need to be if its function is by way of interaction with MDH? Does the M-protein have an inhibitory effect on formaldehyde oxidation by MDH when assayed in the physiological assay with cytochrome cL as electron acceptor?
Methods
Growth, breakage and fractionation of bacteria and spheroplasts. Methylophilus methylotrophus (NCIB 1051 5 ) was grown on methanol in batch culture or continuous culture, harvested and bacterial extracts prepared as previously described (Cross & Anthony, 1980a, 6) . The strain of Paracoccus denitr8cans used in this work was the Oxford strain (NCIB 8944); it was grown aerobically in batch culture on methanol as described by Long & Anthony (1991) . Organism 4025 was grown on methanol in 0,-limited continuous culture ( D = 0-15 h-l) as described by Auton & Anthony (1989 Measurement of' protein, cytochromes, oxidases and N A D +-linked dehydrogenases. Protein was determined by the method of Bradford (1 976). Dehydrogenases for glucose 6-phosphate and 6-phosphogluconate were determined as described by Lawton & Anthony (1989, and malate dehydrogenase was determined as described by Alefounder & Ferguson (1981) . Cytochromes were measured as described by Cross & Anthony (19806) and the o-type oxidase was determined as described by Chan & Anthony (1991) .
SDS-PAGE and determination of molecular mass. These techniques were as described by Long & Anthony (1991) . Quantitative evaluation of gels after protein staining was as described by Ford et al. (1985) .
Measurement of dye-linked methanol dehydrogenase activity. This polarographic assay, based on that of Anthony & Zatman (1967) , was done in an oxygen electrode (2 ml volume) at 30 "C at pH 9.0 in 125 mM-Tris/HCl buffer containing methanol (7.5 mM), activator (22.5 mM-NH,CI) and electron acceptor (0.5 mM-PES). The reaction was started by addition of PES. One unit of activity is defined as that amount which catalyses the consumption of 1 nmol O 2 min-l.
Measurement of M-protein activity in the dye-linked MDH assay system. For measurements with purified M-protein, and during its purification, activity was determined by measuring its ability to promote oxidation of butane-l,3-diol by methanol dehydrogenase in the polarographic, dye-linked assay described above. The reaction mixture contained 60 units of pure MDH and butane-1,3-diol (10 mM for proteins of P. denitrificans and 20mM for proteins of M . methylotrophus and organism 4025). Using this substrate the rate of oxygen consumption was zero within 10 min of addition of PES. When M-protein was present, a constant rate of oxygen consumption occurred after 10 min which was proportional to the amount of Mprotein added. One unit of M-protein is defined as that amount of Mprotein which promotes the reduction of 1 nmol O 2 min-' by MDH. In crude extracts M-protein was determined by the same method except that the concentrations of MDH were the same as those already present in the extracts. For the purposes of comparison, pure MDH was added to ensure that extracts being compared contained the same number of units of MDH.
Measurement of methanol and formaldehyde oxidation by MDH of P. denitrijicans in the cytochrome-linked assay system. Two systems were used, both of which couple reduction of the specific cytochrome c electron acceptor to reduction of a large excess of horse heart cytochrome c (obtained from Sigma). When it was necessary to measure appearance of formaldehyde during methanol oxidation, or disappearance of formaldehyde when this was the sole substrate, the system of Beardmore-Gray et a/. (1983) was followed. Reaction mixtures (3 ml) contained pure MDH (2 p~) , horse heart cytochrome c (500 p~) and methanol (3 mM) or formaldehyde (100 p~) in HEPES buffer (20 mM, pH 7.5 at 20 "C). The reaction was started by addition of the 22 kDa cytochrome C 5 5 2 (2 p~) .
When it was necessary to do large numbers of assays for kinetic studies with small amounts of scarce proteins, the method of was used. The 1 ml reaction mixture contained HEPES buffer (12mM, pH 7.3, cytochrome c552 ( 1 0~~) and horse heart cytochrome c ( 5 0~~) .
Reactions were started by addition of MDH (2 p~) .
Reduction of cytochrome c was recorded at 550 nm.
described by Page & Anthony (1986) . For production of antibodies Mprotein (5 mg) was loaded on preparative scale SDS-PAGE gel prepared with 10% (w/v) acrylamide (14 cm x 10 cm x 6 mm) and run at 40 mA for 16 h. The gel was stained with 5 % (w/v) Coomassie Blue R-250 and the major band (about 67 kDa) was cut-out and electroeluted by the method of Walker (1982) to give 2.5 mg protein; 150 pg of this protein was then injected into each of two New Zealand White rabbits and each was boosted with 50 pg protein 1 month later. Western blotting was done exactly as described by .
Partialpurijication of MDH and M-protein from organism 4025. MDH was purified as described for M . methylotrophus by Beardmore-Gray et al. (1983) . M-protein was purified as follows. Soluble extract (2 g protein in 200ml) was loaded on a column of DEAE-Sepharose (8 x 6 cm) equilibrated in 20 mM-HEPES buffer (PH 7.5). MDH, which did not adsorb to the column, was able to oxidize 10 mM-butane-1,3-diol in only a transient fashion indicating that an M-protein had been separated from it and had adsorbed to the column. Protein was eluted by stepwise increases in NaCl concentration (50, 75, 200 and 4 0 0 m~) . The fractions able to inhibit formaldehyde oxidation by MDH were further purified by the method used for M-protein of M . methylotrophus (Page & Anthony, 1986) .
Partial purification of MDH, cytochrome cS5? and M-protein from P. denitrijicans. MDH and cytochrome c552 were purified as described by Long & Anthony (1991) . M-protein was purified as follows. Bovine DNAase I (10 mg) was added to the periplasmic fraction (5 1, containing 2 g protein), derived from 60 1 of bacterial culture. This was applied to a DEAE-Sepharose column (12 x 5 cm) equilibrated in 20mM-HEPES buffer (pH 7.5). Proteins were eluted with the same buffer containing stepwise increases in NaCl concentration (50, 100 and 200 mM). The M-protein was eluted with 200 mM-NaC1, concentrated to 10 ml over an Amicon YM-100 ultrafiltration membrane, and purified by gel-filtration on a column of Sephacryl S-200 (85 x 3.5 cm) equilibrated in 20 mM-HEPES buffer (pH 7.5) containing 100 mMNaCl (upward flow, 10 ml h-l). Active fractions were further purified by anion-exchange chromatography on a Pharmacia Mono-Q column (1 ml) equilibrated in the same buffer at a flow rate of 1 ml min-' . A gradient of 0-500 mM-NaC1 in 26 ml buffer was used ; M-protein was eluted with 200 mM-NaC1.
M-protein of Methylophilus methylotrophus
Eflect of growth conditions on production of M-protein in M . methylotrophus. The obligate methylotroph M . methylotrophus was grown in continuous culture at two different dilution rates and under two different nutrient limitations (Table 1) . Under 02-limitation, when the dilution rate was increased 3-fold the M-protein activity decreased to 27% of the value recorded prior to the change in dilution rate, whereas the amount of 67 kDa protein decreased to only 64%. A similar (but less marked) result was obtained under methanol-limitation. When the nutrient limitation was changed from 02-limitation to carbon-limitation, at a fixed growth rate, Table 2 . Location of M-protein in M . methylotrophus and P . denitrijicans MDH activity was determined in the dye-linked assay system. Oxidase activity was determined using ascorbate/TMPD as substrate; this is a measure of the 0-type oxidase which contains cytochromes b and c. M-protein activity was measured using butane-1 ,3-diol in the dye-linked assay system as described in (Page & Anthony, 1986 ) that the 67 kDa protein catalyses M-protein activity.
Localization of M-protein in M . methylotrophus. In order to investigate the location of the M-protein, and to consider further the relationship between the 67 kDa protein and M-protein activity, the active protein was purified as previously described (Page & Anthony, 1986) , and the 67 kDa protein in the active fraction was eluted from an SDS-polyacrylamide gel and used to raise antibodies. These were then used to identify the location of the 67 kDa protein and M-protein activity. Spheroplasts and periplasmic fractions were prepared, and the spheroplasts lysed and separated into cytoplasmic and membrane fractions. Table 2 shows that the dehydrogenases for glucose 6-phosphate and 6-phosphogluconate were predominantly in the cytoplasm and that MDH and cytochrome c were mainly in the periplasmic fraction. Some of the cytochrome c and all the cytochrome b and cytochrome oxidase were in the membrane fraction. Western blotting, using antibody to the purified 67 kDa protein, showed it to be present only in the cytoplasm and membrane; none was in the periplasmic fraction. By contrast, all the M-protein activity was in the periplasmic fraction where it needs to be in order to interact with the periplasmic MDH. These results suggested that the 67 kDa protein is not the M-protein although it was the major protein in the active fractions after partial purification of M-protein from extracts prepared by sonication.
Purijication of M-protein from M . methylotrophus.
When purified from sonic extracts as previously described (Page & Anthony, 1986) , the major protein in active fractions was the 67 kDa protein previously identified as the M-protein. However, further purification was achieved by anion-exchange chromatography on a Mono-Q column with a very shallow elution gradient ( 7 m~ per ml) (Fig. 1) . This procedure completely separated the 67 kDa protein from M-protein activity. SDS-PAGE of the pooled M-protein fractions showed that they contained at least three protein bands between 30 and 50 kDa. The active fractions contained no 67 kDa protein and the 67 kDa fractions had no Mprotein activity (data not shown).
Attempts at further purification of the M-protein were unsuccessful and this was investigated further using a second obligate methylotroph, organism 4025.
M-protein from organism 4025
Organism 4025 is an obligate methylotroph, closely related to M. methylotrophus (Auton & Anthony, 1989) . After growth on methanol, crude extracts of this organism were able to stimulate the oxidation of butane-1,3-diol indicating the presence of an M-protein and they contained a protein able to cross-react with antibody prepared against the presumed (67 kDa) M-protein of M . methylotrophus. After purification by the method used previously for M. methylotrophus (Page & Anthony, 1986) , the active fractions showed one major band (45 kDa) on SDS-PAGE plus four other proteins (data not shown). It contained no cross-reacting 67 kDa protein and the fractions that did contain the 67 kDa protein showed no M-protein activity.
During the purification by stepwise elution from DEAE-cellulose, it was found that an unexpectedly high number of fractions were active in the normal M-protein assay stimulating oxidation of butane-1 ,3-diol. The periplasmic fractions were also able to inhibit the oxidation of formaldehyde, the activity that we consider to constitute the physiological activity of M-protein. It was subsequently shown that the activity of the 'apparent' M-protein fractions (which had no effect on formaldehyde oxidation) resided in compounds of low molecular mass (less than about 3 kDa). Furthermore, these compounds showed no activity of any sort in the physiological assay with cytochrome cL as electron acceptor and alcohols or formaldehyde as substrate.
The results with the two obligate methylotrophs thus led to the same conclusion, that M-protein activity is associated with a protein having subunits of 45 kDa, and that the 67 kDa protein is not relevant to M-protein activity.
M-protein of Paracoccus denitrijicans
This organism was used in this investigation as it is a markedly different sort of methylotroph from the obligate methylotrophs M. methylotrophus and organism 4025, and from the pink facultative methylotroph Methylobacterium extorquens AM 1, in which M-protein was first described (Bolbot & Anthony, 1980; Ford et al., 1985) . P . denitrijicans is a facultative methylotroph and autotroph that assimilates its cell carbon by way of Cot and the Calvin cycle (Anthony, 1982) . This is the organism first used for demonstration of the periplasmic location of MDH and for which methods are available for large-scale preparation of periplasmic fractions (Alefounder & Ferguson, 1981 ; Long & Anthony, 1991) . Table 2 demonstrate that the M-protein activity of this methylotroph is also exclusively periplasmic; there was no activity in cytoplasmic or membrane fractions. However, because of the possibility that extracts might contain compounds demonstrating a 'false M-protein' activity as shown for organism 4025, it Table 3 . Partial purifcation of M-protein from P. denitrifuans M-protein was purified from 2 g periplasmic protein prepared from aerobic, methanol-grown bacteria as described in Methods. Because of the presence of a second stimulatory factor in the periplasmic fractions it is not possible to express purification factors and yields in terms of the initial activity. The values in this was necessary to purify and characterize the putative Mprotein from the periplasmic fractions.
Location of M-protein in P . denitrijicans. Preliminary investigations of extracts of methanol-grown bacteria demonstrated apparent M-protein activity in these fractions, and the results in
Purijcation and characterizatioan of a non-protein, MDH-modifying factor from P . denitrijicans. Fig. 2 shows the separation of two periplasmic MDH-modifying factors by anion-exchange chromatography. These were demonstrated by their ability to stimulate the continuous oxidation of butane-1,3-diol by pure MDH; in the absence of the modifying factors pure MDH catalysed only a brief transient oxidation of this substrate as previously shown for MDHs of other bacteria (Page & Anthony, 1986) .
The first factor to be eluted (just prior to cytochrome c,,,) was not retained by an Amicon PM-10 ultrafiltration membrane (mol. mass cut-off 10 kDa) but could be concentrated using a Millipore ultrafiltration membrane (mol. mass cut-off 1 kDa). This factor was purified further by anion-exchange chromatography in 20 m~-HEPES buffer (pH 7.5) on a Pharmacia Mono-Q column, eluting at 150 mM-NaCl. There was no protein present in the active fractions, which showed an absorption maximum at 254 nm. It was stable between pH 2 and pH 11 and to heating for 10 min at 100 "C. In the dye-linked assay it promoted a continuous oxidation by MDH of butane-1,3-diol but had very little effect on the oxidation of formaldehyde and no effect on methanol oxidation. This small, stable, non-protein stimulatory factor was similar in all respects to that demonstrated in extracts of organism 4025 (above).
Purification and characterization of the M-protein from P . denitrijicans. During anion-exchange chromatography of the periplasmic fraction of P . denitrijicans, the second peak of active material from the DEAE-Sepharose column (Fig. 2) eluted immediately prior to the MDH. This was a typical M-protein (able to inhibit formaldehyde oxidation by MDH) and so was purified from periplasmic fractions on a large scale as described in Methods, and summarized in Table 3 . The M-protein was very sensitive to buffer composition, as found for the M-protein from M . methylotrophus (Page & Anthony, 1986) . HEPES buffer (20 mM, pH 7.5) was the only buffer able to maintain activity; it was used in all purification procedures and the protein was stored without loss of activity at -17 "C in this buffer. Samples frozen in MOPS, phosphate or Tris were found to have lost all activity on thawing. All activity was destroyed by protamine sulphate or by ammonium sulphate which precluded its use for purification by protein precipitation or hydrophobic-interaction chromatography. Fig. 3 shows a scan of a gel after SDS-PAGE of the periplasmic fraction and of the purified Mprotein. The major band in the gel of the purified protein was a 45 kDa polypeptide as was found (this paper) for the partially purified M-protein from organism 4025 and M . methylotrophus. If this represents the M-protein then consideration of the gel of the periplasmic fraction suggests that the ratio of the amount of M-protein to MDH is much less than 1 :5.
Analytical gel filtration on Pharmacia Superose-12 or Sephacryl S-200 indicated that the native molecular mass of M-protein is about 135 kDa, suggesting that the Mprotein is multimeric (probably a trimer or tetramer). The isoelectric point (PI) of the protein was about 4 as indicated by its elution from anion-exchange columns between MDH (PI 3.7) and cytochrome c550 (PI 4-5).
As observed for M-proteins of other bacteria this Mprotein stimulated the initial rate of oxidation of butane-1,3-diol by increasing its affinity for MDH. It inhibited formaldehyde oxidation in the dye-linked assay by increasing its affinity for MDH, the K , increasing from 0-1 mM to 0.48 mM.
Activity of the M-protein of P . denitriJicans in the cytochrome-linked reaction. The physiological electron acceptor for MDH in P . denitriJicans is a specific cytochrome c called cytochrome c 5 5 2 , which is a 22 kDa, acidic, periplasmic cytochrome corresponding to cytochrome cL in other methylotrophs (Long & Anthony, 1991) . In an assay system using methanol as substrate and cytochrome c 5 5 2 as electron acceptor (BeardmoreGray et al., 1983) the rate of formaldehyde accumulation was 0.22 nmol min-l (nmol MDH)-l, and the rate of reduction of the single electron acceptor cytochrome c was 0-73 nmol min-l (nmol MDH)-' instead of the expected 0.44 nmol min-l, suggesting, as shown for other MDHs, that some of the formaldehyde produced during methanol oxidation was being oxidized to formate with concomitant reduction of the cytochrome c. The rate of oxidation of formaldehyde when it was the sole substrate was similar to that for methanol, and in this case the rate of reduction of cytochrome c (being a single electron carrier) was exactly twice this value. In the presence of M-protein (0.4 p~) with methanol as substrate, the rates of formaldehyde production and cytochrome reduction decreased, and the ratio of cytochrome reduced to formaldehyde produced decreased to about 2. This suggests that M-protein was partially inhibiting methanol oxidation and diminishing formaldehyde oxidation to a negligible rate. In the same system, with 2 ~M -M D H and formaldehyde (100 p~) as substrate, oxidation was inhibited 50% by 0.4 pM-M-protein.
The effect of M-protein on the kinetics of MDH activity with cytochrome c 5 5 2 was determined in a modification of the cytochrome-linked assay system that permits use of smaller amounts of material . In the absence of M-protein, the K , for methanol in this system was 15 p~. M-protein decreased the initial rates of methanol oxidation and increased the affinity for methanol, the maximum effect occurring when the molar ratio of MDH : M-protein was 5 : 1 (Fig.  4) . The V,,, decreased to about 45% of the uninhibited value and the K , value decreased from 15 p~ to 11 p~. With formaldehyde as substrate, the maximum effect of M-protein also occurred when the ratio of MDH : Mprotein was 5 : 1 (Fig. 5) . In this case, the V,,, decreased (as with methanol), but the affinity of MDH for its substrate decreased. The V,,, decreased to about 45% (as with methanol) and the K , value increased from 0.1 mM to 0.36 mM. Above this concentration of Mprotein there was no further increase in K , value. 
Discussion
The results described in this paper are all consistent with the conclusion that the protein previously identified in Methylobacterium extorquens AM 1 and Methylophilus methylotrophus as the M-protein, having 67 kDa subunits, was not the M-protein, but was a contaminant in the fractions containing the M-protein. This was first indicated by the lack of correlation between the extent of M-protein activity and amounts of 67 kDa protein in sonic extracts of bacteria grown under a variety of conditions in continuous culture. It was confirmed in two different methylotrophs by separating the M-protein activity from the 67 kDa protein by modifying the protein purification procedures. The M-protein activity was associated with a protein of about 135 kDa having a subunit molecular mass of 45 kDa, and not with the protein having 67 kDa subunits. Finally, the 67 kDa protein was not present in periplasmic fractions whereas, in both methylotrophs tested, the M-protein was located exclusively in the periplasm. This is an especially significant conclusion in the context of a physiological function for the M-protein; clearly it needs to be in the periplasm if it indeed functions in the regulation of the periplasmic MDH.
It has been shown previously that the concentration of MDH in M . methylotrophus decreases with increasing growth rate (Greenwood & Jones, 1986) , and the same was shown in this work to be true for M-protein activity. However, too much weight should not be given to this observation because of the complication of the presence of a non-protein factor, also present in some extracts, which is also able to stimulate the oxidation of the usual test substrate, butane-1 ,3-diol.
In addition to its periplasmic location, a second important conclusion of this work in relation to the proposed physiological function of the M-protein is the demonstration that it is effective in regulating the reaction of MDH with its periplasmic cytochome c electron acceptor. The effect of M-protein on the cytochrome-linked activity of MDH of P . denitrijicans differed slightly from that previously described for M. methylotrophus. In preliminary measurements with this obligate methylotroph the presence of M-protein led to a 50% increase in the oxidation rate for methanol. By contrast, in P . denitrijicans, M-protein decreased the maximum rate with methanol by about 50%, while increasing affinity of this substrate for MDH. More importantly, the effects of M-protein on the MDHs from the two bacteria were identical with respect to formalde-hyde oxidation; both the maximum rate (Vmax) was decreased, and the affinity of the MDH for formaldehyde was decreased. The ratio of MDH :M-protein required for the maximum effect on Vmax and K, for both substrates was the same (5 : 1). This supports the previous proposal that M-protein might have a role in preventing wasteful oxidation of formaldehyde by the methanol dehydrogenase in all methylotrophs. If this is the case then it is important to consider whether or not there is sufficient M-protein present in the periplasm to have an effect in vivo. Gel scans of periplasmic fractions before purification of the M-protein showed no protein band corresponding to the 45 kDa polypeptide that was the predominant band seen after SDS-PAGE of the partially purified M-protein. The proportion of M-protein to MDH in the periplasmic fraction was well below the optimum proportion of 1 : 5 required in vitro for the maximum effect in diminishing the affinity of MDH for formaldehyde. It is probable that the only approach to resolving this question is by isolating mutants of P . denitrijicans which are unable to synthesize M-protein and to test whether or not such mutants are altered with respect to ability to grow on methanol or with respect to growth rates and growth yields on this substrate. That no methanol-mutants have been isolated previously that lack M-protein suggests, perhaps, that lack of the protein may not be lethal on methanol but might merely have an effect on efficiency of growth in a competitive environment.
A second point of interest that remains, regardless of the physiological function of the M-protein, is the mechanism by which one protein is able to affect the activity of a second which is present in at least a fivefold excess.
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